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A Role of VAMP8/Endobrevin in Regulated
Exocytosis of Pancreatic Acinar Cells
t-SNAREs on the target compartment leads to the for-
mation of a trans-SNARE complex (or SNAREpin), cata-
lyzing the fusion of the two membranes. SNAREs are
Cheng-Chun Wang, Chee Peng Ng, Lei Lu,
Vadim Atlashkin, Wei Zhang, Li-Fong Seet,
and Wanjin Hong*
also classified into four families: the R-SNAREs, Qa-Membrane Biology Laboratory
SNAREs, Qb-SNAREs, and Q-syntaxins (Bock et al.,Institute of Molecular and Cell Biology
2001; Chen and Scheller, 2001; Fasshauer et al., 1998).Proteos
Generally, each family contributes one SNARE motif to61 Biopolis Drive
form a parallel, highly twisted, 4-helix bundle of theSingapore 138673
SNAREpin that catalyzes the membrane fusion (Bonifac-Singapore
ino and Glick, 2004; Jahn and Grubmuller, 2002; Chen
and Scheller, 2001).
The best-studied SNAREpin that has a clearly defined
Summary physiological function is the neuronal SNARE complex
consisting of synaptobrevin/VAMP-1/2 (v-SNARE) on
Despite our general understanding that members of the synaptic vesicle and syntaxin 1-SNAP-25 complex
the SNARE superfamily participate in diverse intracel- (t-SNARE) on the plasma membrane at the active zone
lular docking/fusion events, the physiological role of of neurons (Jahn and Sudhof, 1999; Rettig and Neher,
the majority of SNAREs in the intact organism remains 2002; So¨llner et al., 1993). This SNAREpin is the converg-
elusive. In this study, through targeted gene knockout ing point for many regulatory loops of synaptic transmis-
in mice, we establish that VAMP8/endobrevin is a ma- sion and plays a key role in fusion of primed and docked
jor player in regulated exocytosis of the exocrine pan- synaptic vesicles with the plasma membrane upon Ca2
creas. VAMP8 is enriched on the membrane of zymo- influx in response to action potential (Jahn and Sudhof,
gen granules and exists in a complex with syntaxin 4 1999; Rettig and Neher, 2002). Our understanding of
many other SNAREs is confined to the level of cell cul-and SNAP-23. VAMP8/ mice developed normally but
ture systems, although the physiological roles of someshowed severe defects in the pancreas. VAMP8 null
nonneural SNAREs have only recently been addressedacinar cells contained three times more zymogen
in vivo. Gene deletion experiments show that syntaxingranules than control acinar cells. Furthermore, secre-
4 is likely required for GLUT4 translocation (Yang et al.,tagogue-stimulated secretion was abolished in pan-
2001a) and Vti1b plays a minor role in the endocytoticcreatic fragments derived from VAMP8/ mice. In ad-
pathway (Atlashkin et al., 2003), while VAMP3 is nones-dition, VAMP8/ mice were partially resistant to
sential (Yang et al., 2001b).supramaximal caerulein-induced pancreatitis. These
The pancreatic acinar cell has been serving as a modelresults suggest a major physiological role of VAMP8
system for studying the organization of the secretoryin regulated exocytosis of pancreatic acinar cells by
pathway and for understanding the molecular processserving as a v-SNARE of zymogen granules.
of regulated secretion of zymogen granules (Gaisano,
2000; Palade, 1975; Williams, 2001). Zymogen granules
Introduction of acinar cells store many of the enzymes responsible
for food digestion in the intestine. Upon stimulation by
secretagogues, zymogen granules fuse with the apicalIntracellular membrane traffic between different com-
membrane of acinar cells, resulting in release of theirpartments as well as diverse regulated secretions are
contents into pancreatic ducts. Under nonphysiologicalmediated by small shuttling vesicles or larger carriers
suprastimuli, zymogen granules can also fuse with the(Barr, 2000; Bonifacino and Glick, 2004; Rothman 2002;
basolateral surface, resulting in missecretion of en-Schekman, 2002). Vesicles are generated by a combined
zymes to the blood circulation, which is the basis ofaction of the coat proteins, regulatory factors, and the
pancreatitis (Gaisano, 2000). Despite many years of ef-cargo proteins. The first layer of interaction of vesicles
forts to define the molecular machinery responsible forwith the target compartment is mediated by the teth-
this regulated secretion and our current knowledge ofering machinery (Pfeffer, 2001; Whyte and Munro, 2002),
SNAREs, we still do not know exactly what are thewhich ensures that vesicles are targeted to the precise
v-SNARE or its cognate partners on the apical mem-vicinity of the receiving membrane and also facilitates
brane that mediate the regulated apical secretion, northe short-range docking and direct fusion of the two
do we know much about the components involved inopposing membranes. Members of the SNARE super-
the misfusion of zymogen granules with the basolateralfamily are generally accepted to be the core machinery
membrane under stressed conditions.participating in the last stage of docking and subsequent
In this current study, we have addressed the physio-fusion event (Bock et al., 2001; Chen and Scheller, 2001;
logical role of VAMP8/endobrevin by creating its knock-Bonifacino and Glick, 2004; Jahn and Grubmuller, 2002;
out mice. VAMP8 is originally identified as an endosomalJahn and Sudhof, 1999; So¨llner et al., 1993; Tucker et
R-SNARE (Wong et al., 1998a; Advani et al., 1998), andal., 2004). Interaction of v-SNAREs on the vesicle with
it interacts with syntaxin 8 (or syntaxin 6), syntaxin 7,
and Vti1b to form a SNAREpin in endosomal fusion (An-
tonin et al., 2000a; Wade et al., 2001). Recently, VAMP8*Correspondence: mcbhwj@imcb.a-star.edu.sg
Developmental Cell
360
Figure 1. Generation of VAMP8 Knockout Mice
(A) Gene-targeting strategy.
(B) Southern blot analysis of ES cell clones. The targeted allele generates a 8.7 kb Nhe I-EcoR V fragment in contrast to the 11 kb wild-
type fragment.
(C) Genotyping of mice derived from a heterozygote to heterozygote mating by PCR method. A 323 bp mutant fragment and a 204 bp wild-
type fragment were detected.
(D) Western blot analysis showing that VAMP8 is absent from VAMP8 null mice and VAMP2 (the upper band of the doublet detected by anti-
VAMP2 antibodies in the pancreas) is increased in VAMP8 mutant mice. The lower band in pancreas and the sole band in the kidney likely
correspond to VAMP3.
has also been implicated in regulated granule secretion by the absence of VAMP8. Nevertheless, we decided to
of platelets (Polgar et al., 2002) and mast cells (Paumet perform a detailed study of the endocytotic pathway of
et al., 2000). Here, we show that VAMP8 is enriched in KO mouse embryonic fibroblasts (MEF). We found that
the membrane of pancreatic zymogen granules and is MEF cells derived from VAMP8 null mice preserved the
necessary for regulated secretion in response to secre- normal morphology of early/sorting endosomes marked
tagogues as well as for misfusion of zymogen granules by EEA1, late endosomes marked by LBPA, and lyso-
with the basolateral membrane under supermaximal somes marked by Lamp-1 (Figure 2A). Intracellular
stimulation. transport of cathepsin D from the Golgi to the lysosome
via endosomes was essentially not affected in VAMP8
Results null MEF as compared to MEF cells derived from normal
mice (Figure 2B). In addition, pinocytosis (Figure 2C),
Ablation of VAMP8 Leads to Partial Lethality receptor-mediated endocytosis/degradation of LDL (Fig-
and Growth Retardation ure 2D), and transferrin recycling (Figure 2E) were all
To study the cellular function of VAMP8 under physiolog- found to be indistinguishable between wild-type and
ical settings, we have generated a mutant mouse line
VAMP8 null MEF cells.
lacking VAMP8 via the gene knockout approach (Figure
Since VAMP8 has been proposed to function in the1). VAMP8 null mice developed normally up to birth,
endocytotic pathway of hepatocytes (Antonin et al.,but more than one-third (14 out of 37) were lost before
2000a, 2000b), we then checked endocytosis in isolatedweaning. The dying mice were about half the weight of
primary hepatocytes by following the uptake and degra-their littermates. Growth retardation was also observed
dation of asialofetuin (Stockert, 1995). It is well knownin the surviving homozygous mice that were roughly
that the binding of asialofetuin to its specific receptor80%–90% of normal sizes before sex maturation. Both
exclusively expressed on hepatocytes triggers endocy-male and female surviving mutant mice were fertile.
tosis. After internalization, the receptor dissociates from
the ligand and recycles back to the cell surface while theVAMP8 Is Not Essential for Endocytosis
ligand is transported to the lysosome for degenerationThe survival of the majority of VAMP8 null mice indicates
that the endocytotic pathway is not severely affected (Atlashkin et al., 2003; Stockert, 1995). We found no
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Figure 2. Ablation of VAMP8 Does Not Alter Endocytic Pathway in MEF Cells
(A) Immunofluorescence staining showed that the endocytotic compartments of VAMP8 null cells were normal as early/sorting endosomes
marked by EEA1, late endosomes marked by LBPA, and lysosomes marked by LAMP1 seem comparable in both VAMP8 null and control
MEF cells.
(B) Trafficking of cathepsin D was not disrupted in the absence of VAMP8. Cell lysate (C) and medium (M) were analyzed. P, precursor; I,
intermediate endosomal form.
(C) Pinocytosis was not significantly affected in VAMP8 null MEF cells.
(D) Endocytosis of LDL was indistinguishable between wild-type and VAMP null cells. Surface bound BODIPY-labeled LDL was used to monitor
its endocytosis and degradation for the indicated periods of time.
(E) Recycling of transferrin. Subconfluent MEF cells in 6-well plates were incubated with 125I-transferrin (3 nM, 1–1.5 Ci/g) at 4C for 3 hr.
Endocytosis was initiated by washing briefly with prewarmed (37C) medium. Cells were then incubated at 37C with fresh medium containing
200 g/ml nonlabeled transferrin. The amounts of 125I released into the medium or remained inside the cells are determined. The results
represent average  standard deviation of three independent experiments.
(F) Asialofetuin degradation in hepatocytes. Primary hepatocytes were pulse labeled with 125I-asialofectuin (10 pmol/ml, 1–1.5 Ci/g) for 20
min at 37C. After extensive washing, cells were incubated with fresh medium at 37C. Degradation of asialofectuin was monitored. The results
represent average  standard deviation of four / and nine / independent experiments, respectively.
Scale bars equal 30 M.
Developmental Cell
362
overt difference between normal and VAMP8 null hepa- are localized to the apical pole (Naya et al., 1997). Such
tocytes, with respect to the kinetics of asialofetuin deg- changes in number and position of zymogen granules
radation (Figure 2F). Furthermore, we did not observe did not occur in VAMP8 null pancreases (Figure 5F),
any morphological anomaly at histological or subcellular suggesting that retaining zymogen granules (due to de-
levels (not shown). Taken together, these data demon- fective secretion) is a primary rather than a secondary
strate that VAMP8 does not play an essential role in endo- defect.
cytosis either at the cellular or tissue/organism level.
VAMP8 Is Enriched in Zymogen
Acinar Cells of VAMP8 Null Mice Retain/ Granule Membranes
Accumulate Zymogen Granules The phenotype described above could potentially be
Examination of multiple tissues of VAMP8/ mice re- accounted for by a possible blockade of apical exo-
vealed major and consistent abnormality in the pan- cytosis in VAMP8 null cells. The subcellular location of
creas. Normal pancreases were lightly tan and translu- VAMP8 in the acinar cells has not been analyzed and,
cent, while the pancreases of VAMP8 null mice appeared hence, is critical for understanding its exact role. Among
white and creamy (Figure 3A, whole mount). In H&E- the known SNAREs, syntaxin 2 and syntaxin 4 are en-
stained sections derived from wild-type pancreases, zy- riched on the apical and the basolateral plasma mem-
mogen granules situated at the apical pole of acinar branes, respectively; VAMP2 and VAMP3 are present
cells were stained red and the endoplasmic reticula (ER) on zymogen granule membranes (ZGM), while SNAP-
at the basal area appeared blue. In sections derived from 23 can be detected on plasma membranes (PM) as well
VAMP8 null pancreases, the entire acinar cell, however, as on the ZGM (Gaisano, 2000). Immunofluorescence
was stained red except for the nucleus (Figure 3A, H&E). studies showed that VAMP8, like VAMP2, was concen-
Electron microscopy examination of pancreatic ultrathin trated in the apical region of normal acinar cells (Figure
sections of mutant mice revealed signs of mild pancre- 4A). VAMP2 staining was enhanced and scattered in
atitis in mutant mice: disintegration of some adherens VAMP8/ cells due to the accumulation and dispersion
junctions and appearance of empty vacuoles (Figure 3A, of zymogen granules (Figure 4A). Western blot analysis
EM). However, the condition did not deteriorate with of purified ZGM and PM revealed that VAMP8 was en-
age, and serum amylase activity was not elevated (wild- riched in the ZGM (Figure 4B), while the results for syn-
type  1757  335 units, VAMP8 null  1725  338 taxin 2, syntaxin 4, VAMP2, and SNAP-23 were in line
units, n  10, p  0.83). On the other hand, the number with previous reports (Gaisano, 2000). Syntaxin 7 and
of zymogen granules is dramatically increased and the syntaxin 8, both of which function in endosomal traffick-
granules spread into the basal area in mutant acinar ing in cultured cells (Prekeris et al., 1999), were surpris-
cells (Figure 3A, EM), resulting in the abnormal gross ingly detected in ZGM fraction (Figure 4B), indicating
appearance and H&E staining pattern. When zymogen either their presence in the granules and/or that endo-
granules in 300 randomly selected cell sections were somes cosegregated with ZGM under the fractionation
counted, an average of 57.9  17.5 granules was found condition. Lastly, the presence of VAMP8 on the ZGM
in a typical section of a wild-type acinar cell. This number
was more vigorously demonstrated by immuno-gold la-
climbed to 75.9  25.9 and 176.0  36.4 for heterozy-
beling using an anti-VAMP8 antibody (Figure 4C). Spe-
gous and homozygous cells, respectively (Figure 5A)
cific labeling of zymogen granule membranes was de-(n  300, p  0.01). The increase of zymogen granules
tected (Figure 4C, left), while essentially no labeling wasin mutant pancreases is likely to be the basis for the
observed when antibody against VAMP8 was omittedincreased abundance of VAMP2 (Figure 1D) and ele-
in the experiment (Figure 4C, right). To verify the speci-vated amylase quantity (Figure 5B) of VAMP8/ pan-
ficity by an independent approach, we have used sec-creas. -catenin and 	-catenin were downregulated in
tions derived from VAMP8 null pancreas as another neg-VAMP8 / acinar cells (Figures 3A and 3B), probably
ative control in which only nonspecific backgroundas a consequence of the partial destruction of cellular
labeling will be detected in the absence of VAMP8.connections, as these catenins were expressed at nor-
Quantitation of 100 randomly chosen cell areas (55 m2mal levels in neonatal (2- to 3-day-old) mutant mice (not
each arbitrarily) revealed that there are about 36.06 shown). On the other hand, the expression of E-cadherin
5.69, 15.82 3.31, and 11.69 2.58 gold particles asso-was not significantly affected (Figures 3A and 3B). Acti-
ciated with the membrane of zymogen granules, thevated carboxypeptidase was detected in VAMP8/
lumen of zymogen granules, and the cytosol (inclusivepancreases (Figure 3B, indicated by an arrowhead). Pre-
of other cellular membranes), respectively, per 55 mm2mature activation of digestive enzymes was probably
cell area. These numbers are 14.02 4.16, 14.50 3.22,the cause of zymogen granule vacuolization revealed
and 13.05  3.61, respectively, when sections derivedby EM analysis. Cell polarity was not obviously disturbed
from VAMP8 null pancreas were used. Subtracting thein VAMP8/ pancreases, since acinar-1 and actin fila-
background labeling obtained with VAMP8 null sections,ments are enriched in the apical pole of the cell and
the gold particles are specifically detected in zymogensyntaxin 4 was abundantly detected on the basolateral
granule membranes in normal pancreatic sections (Fig-plasma membrane (Figure 3A). Moreover, nuclei were
ure 4D), suggesting that the majority of specific labelingalways basally located in both control and VAMP8 null
for VAMP8 is associated with the membrane of zymogencells (Figure 3A). It is known that acinar cells accumulate
granules. These results establish clearly that VAMP8 iszymogen granules at late embryonic development
specifically enriched in the zymogen granules and it canstages. Shortly after birth, zymogen granules are re-
duced in number and the remaining zymogen granules potentially serve as a v-SNARE of zymogen granules.
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Figure 3. Pancreatic Defects of Adult VAMP8 Null Mice
(A) Morphological and immunofluorescence studies on 5-month-old mice show increased zymogen granules spreading into the basal area,
vacuolization, and destruction of adherens junction associated with decreased levels of catenins in VAMP8 null acinar cells. The normal
localization of acinar-1, F-actin, and syntaxin 4 suggests that acinar cell polarity is not overtly altered. P, pancreas. Scale bars equal 50 M.
(B) Western blotting analyses confirm the downregulation of catenin levels and show the premature activation of carboxypeptidase (indicated
by arrowhead). The 35 kDa activated carboxypeptidase is detected only in the mutant pancreas while the 47 kDa pro-enzyme is present in
both wild-type and mutant pancreases.
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Figure 4. VAMP8 Is Present on Zymogen Granule Membranes
(A) Immunofluorescence studies show that VAMP8 and VAMP2 labeling is enriched in the apical region of normal acinar cells. VAMP8 staining
was not detected in VAMP8/ cells, where VAMP2 staining was scattered and enhanced due to the dispersal and accumulation of zymogen
granules. Scale bars equal 50 M.
(B) Western blot analysis demonstrates that VAMP8, like VAMP2, is enriched in zymogen granule membranes (ZGM). Syntaxin 7 and syntaxin
8 are also detected in ZGM.
(C) Immuno-gold labeling with anti-VAMP8 antibody shows that VAMP8 is associated with zymogen granule membranes (left, arrowhead).
When antibody against VAMP8 was omitted in the experiment, the specific labeling of zymogen granules was not observed (right).
(D) Quantitation of immuno-gold labeling establishes specific association of VAMP8 with membranes of zymogen granules. Ultrathin sections
derived from control and VAMP8 null pancreas were processed for immunogold labeling. 100 randomly chosen cell areas (55 m2 each
arbitrarily) were counted for gold particles associated with the membrane of zymogen granules, the lumen of zymogen granules, and the
cytosol (inclusive of other cellular membranes), respectively. The derived means were shown in the table. When the nonspecific background
labeling obtained in VAMP8 null pancreatic sections was subtracted from those in control pancreatic sections, the majority of the specific
labeling is observed in zymogen granule membranes.
VAMP8 Is Required for Regulated Enzyme release of Ca2 into the apical cytosol from the ER and
eventually evokes secretion of digestive enzymes intoSecretion of the Exocrine Pancreas
Secretion of digestive enzymes by the exocrine pan- the acinar lumen by fusion of the zymogen granules with
the apical membrane (Williams, 2001). To determine ifcreas is regulated by secretagogues, such as cholecys-
tokinin (CCK) and acetylcholine (Ach). Binding of secre- regulated exocytosis was abrogated in VAMP8 null acini,
we carried out an in vitro amylase secretion assay usingtagogues to their cognate surface receptors results in
VAMP8 in Exocytosis of Acinar Cells
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Figure 5. Accumulation of Zymogen Gran-
ules and Defect in Regulated Secretion in
VAMP8 Null Cells
(A) Accumulation of zymogen granules in
VAMP8 null cells. Pancreatic sections derived
from control, heterozygous, and VAMP8 null
mice were examined. 300 randomly selected
sections were counted for the number of zy-
mogen granules and the means were derived
and presented as number of zymogen gran-
ules per cell section.
(B) Accumulation of amylase in VAMP8 null
pancreases. The amylase activities of control,
heterozygous, and VAMP8 null pancreases
were determined and presented as arbitrary
unit per mouse (VAMP8/, 1.00  0.22;
VAMP8/, 1.60  0.53; VAMP8/, 4.45 
0.90 arbitrary units per pancreas; n  5,
p  0.05).
(C) In vitro amylase secretion assays using
fragments of pancreases from 1-day-old
mice show that VAMP8 mutant pancreases
do not respond to stimulation by any of the
secretagogues. Data presented are mean 
standard deviation, n  4.
(D) Amylase secretion assays of adult pancre-
ases show elevated resting/constitutive se-
cretion but abolished response to CCK stim-
ulation in VAMP8 null pancreases. Data
presented are mean  standard deviation,
n  4.
(E) Protein synthesis and secretion were re-
duced in VAMP8 null pancreases. 3H-amino
acids were injected intraperitoneally into
starved mice at 1 Ci per gram of body
weight. Mice were then fed with food and
water and sacrificed at different time points.
10% of the TCA-precipitated material in each
pancreas was determined for radioactivity by
scintillation counting. Data presented are
mean  standard deviation, n  4. The peak values at 30 min were 35,912  906 and 27,321  1,561 CPM for wild-type and VAMP8 null
pancreases, respectively, n  4, p  0.01.
(F) Electronic microscopy photography of pancreases of 18.5-day-old embryos and 1-day-old neonatal mice show that zymogen granules
accumulated in embryos were retained in VAMP8 null mice after birth, while control pancreas has reduced number of zymogen granules.
freshly prepared pancreas fragments. Various secreta- due to defective secretion. These results, taken to-
gether, suggest that VAMP8 plays a definite role in regu-gogues stimulated amylase secretion by 4- to 5-fold in
normal neonatal pancreases (Figure 5C). The secreta- lated enzyme secretion in pancreatic acinar cells.
gogue-stimulated secretion was, however, completely
abolished in VAMP8/ pancreases, although the rest- VAMP8 Exists in a Complex with Syntaxin 4
ing/constitutive secretion was preserved (Figure 5C). and SNAP-23
Similar results were obtained when we used pancreatic It has been reported that VAMP8 forms a complex with
fragments derived from 2- to 5-day-old mice (data not Vit1b, syntaxin 7, and syntaxin 8 in liver (Antonin et al.,
shown). In adult VAMP8/ pancreases, constitutive se- 2000a) and NRK (Antonin et al., 2000b) cells. In addition,
cretion is increased by more than 1-fold as compared it has also been shown that VAMP8, like VAMP3, inter-
to control pancreases (Figure 5D), probably a reflection acts with SNAP-23 and syntaxin 4 in platelets (Polgar
of an adaptive compensation for the diminished regu- et al., 2002) and possibly in mast cells as well (Paumet
lated exocytosis. However, CCK did not stimulate exo- et al., 2000). These observations suggest that a given
cytosis in adult VAMP8/ pancreases (Figure 5D), SNARE can be incorporated into different SNARE com-
suggesting that the regulated secretion of zymogen plexes participating in different transport events, de-
granules was abrogated in the absence of VAMP8. Al- pending on the cell types and tissues. Therefore, it is
though the total protein synthesis was reduced slightly important to determine which SNAREs are partners of
in VAMP8 null pancreases, turnover of proteins was sig- VAMP8 in the pancreas. To identify the partners of
nificantly slowed down (Figure 5E). As secretion of zy- VAMP8 in the pancreas, we performed coimmunopreci-
mogen granules is a key process for protein turnover in pitation (co-IP) assays. Probably due to the transient
the pancreas, this observation indicates that a reduction nature of the complex and the fact that few granules
are engaged in the actual fusion process, only tracein the turnover rate of zymogen granules is most likely
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proteins in freshly isolated membranes can form com-
plexes with exogenous partners (Lang et al., 2002). GST-
VAMP8 could pull down about 10% of total SNAP-23
and syntaxin 4 but not other SNAREs (such as syntaxin
2, syntaxin 7, syntaxin 8, syntaxin 12/13, or Vti1b) using
pancreatic membranes (Figure 6B). As a control, GST-
VAMP2 also pulled down SNAP-23 and syntaxin 4 but
not syntaxin 2 (Figure 6B), confirming results from other
studies (Gaisano, 2000). To our surprise, VAMP8 could
not complex with syntaxin 2 in pancreatic membranes,
which has been proposed to mediate apical exocytosis
(Gaisano, 2000). Since Vti1b, syntaxin 7, and syntaxin
8, the natural partners of VAMP8 in the liver, were not
pulled down by GST-VAMP8, it seems that these
SNAREs in pancreatic membranes are prevented from
interaction with VAMP8 by an unknown mechanism and
the GST-VAMP8 pull-down is highly specific in our assay
condition. This observation suggests that VAMP8 is en-
riched in a complex likely with syntaxin 4 and SNAP-23,
but excluded from forming complex with syntaxin 7,
syntaxin 8, and Vit1b in pancreatic acinar cells. These
results collectively indicate that VAMP8 may act as a
v-SNARE of zymogen granules and it interacts with
t-SNAREs composed of syntaxin 4 and SNAP-23.
VAMP8 Is Involved in Pancreatitis
It is well known that supramaximal secretagogues can
induce acute pancreatitis, presumably by promoting zy-
mogen granule-lysosome fusion that leads to the for-
Figure 6. Immunoprecipitation and GST Pull-Down Experiments
mation of large vacuoles and by redirecting apicalShow that VAMP8 Can Form a SNARE Complex with SNAP-23 and
exocytosis to the basolateral surface (Gaisano, 2000;Syntaxin 4
Gaisano et al., 2001). The underlying mechanism could(A) Immunoprecipitation showed that VAMP8 formed different com-
be due to a relief of a blockage imposed by Munc18cplexes in the pancreas and the liver.
(B) Both GST-VAMP8 and GST-VAMP2 could pull down SNAP-23 that prevents basolateral syntaxin 4 from interacting with
and syntaxin 4 but not other SNAREs in the pancreatic membrane. cognate v-SNAREs (such as VAMP8 and/or VAMP2/3) on
zymogen granules (Gaisano et al., 2001). To test the
response of VAMP8/ and control pancreases to patho-
logical pressures, we induced pancreatitis in mice withamounts of SNAP-23 and syntaxin 4 were coprecipitated
with VAMP8 in the presence of NEM, which stabilizes supramaximal caerulein, the amphibian ortholog of
CCK. Six hours after the administration of caerulein,SNARE complexes (Figure 6A). To test the specificity
and competence of the VAMP8 antibody, we performed vacuoles appeared in pancreases of all three genotypes
(Figure 7A). At 12 hr, extensive cell necrosis was ob-co-IP experiment using extract derived from liver mem-
branes. In line with a previous study (Antonin et al., served in both wild-type and heterozygous pancreases,
whereas VAMP8 null pancreases were still at the vacuoli-2000a), our antibody could coprecipitate syntaxin 8 but
not syntaxin 4 or SNAP-23 using liver membrane ex- zation stage. At 18 hr, both wild-type and VAMP8/
pancreases were at late cell necrosis or early inflamma-tracts (Figure 6A). The amount of syntaxin 8 coimmuno-
precipitated from rat liver membrane by anti-VAMP8 tion stage, but heterozygous pancreases had advanced
well into the inflammation stage as marked by the infiltra-antibodies is comparable to that of syntaxin 4 coimmu-
noprecipitated by anti-VAMP8 antibodies using pancre- tion of leukocytes into the collapsed acinar cells. At 36
hr, the space left by demised acinar cells was filled byatic membrane extracts. The low efficiency of coimmu-
noprecipitation of syntaxin 4 and syntaxin 8 with VAMP8 leukocytes and fibroblasts. The most severe damage
was observed in heterozygous pancreases, and thein pancreatic and liver membrane extracts, respectively,
is likely related to the nature of our experimental condi- mildest was in VAMP8 null pancreases (Figure 7A). Con-
sistent with this morphological observation, the highesttions. The selective co-immunoprecipitation of syntaxin
4 and SNAP-23 in pancreatic but not liver extracts sug- peak value of serum amylase activity (due to misfusion
of zymogen granules with the basolateral plasma mem-gests that VAMP8 may exist in a unique SNARE complex
that is different from the syntaxin 8-containing complex brane) during the development of pancreatitis was de-
tected in heterozygous mice and the lowest in VAMP8observed in liver extract. Consistent with this observa-
tion, Vit1b and syntaxin 7 was coimmunoprecipitated null mice at 6 hr after the last injection of caerulein
(Figure 7B). The most rapid and severe response ofwith VAMP8 in liver but not in pancreatic membrane
extracts (data not shown). To further elaborate this ob- heterozygous pancreases to caerulein was probably
due to the increased number of secretion-ready zymo-servation, we used GST-fusion protein pull-down ap-
proach, taking advantage of a recent finding that SNARE gen granules in the acinar cells (Figure 5A). In contrast,
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that supramaximal caerulein did induce pancreatitis in
VAMP8 null pancreases, although the reaction/process
was significantly attenuated. Our results also suggest
that VAMP2 and/or VAMP3 may participate in constitu-
tive exocytosis at the apical pole under physiological
conditions since the secretion under nonstimulated con-
dition was intact or even enhanced in VAMP8/ pancre-
ases. VAMP2 levels are elevated in the VAMP8/ mice
(Figure 1D) and we do see evidence of a small increase
in detergent-resistant VAMP2 SNARE complex levels
(data not shown), suggesting some potential for a com-
pensatory effect. Both VAMP2 and VAMP3 have been
knocked out in mice (Schoch et al., 2001; Yang et al.,
2001b); a careful examination of the pancreas structure
and function in these mice would be informative. Most
importantly, our results establish that VAMP8 is the ma-
jor, if not the only, v-SNARE catalyzing the secreta-
gogue-regulated apical exocytosis. Since its absence
also delayed/attenuated significantly amylase secretion
to the circulation and the development of pancreatitis,
VAMP8 is likely to play a possible role in basolateral
secretion under supermaximal stimulation. These re-
Figure 7. Supramaximal Caerulein-Induced Acute Pancreatitis Is sults collectively establish that VAMP8 is a major func-
Aggravated in VAMP8 Heterozygous Mice but Delayed in VAMP8 tional v-SNARE of the zymogen granules.
Null Mice The importance of SNAP-23 is underpinned by the
(A) Morphological changes of normal, heterozygous, and VAMP8 fact that it is likely to be a component of the VAMP8-
null pancreases in supermaximal caerulein-induced pancreatitis. At
containing SNARE complex in the pancreatic acinarthe indicated time points, mice were sacrificed and pancreases were
cells. This observation is consistent with the observationanalyzed by H&E staining. The most advanced and severe damages
that a truncated SNAP-23 inhibits up to 60% of enzymewere observed in heterozygous pancreases, while a slower and
milder response was seen in VAMP8 null pancreases. secretion (Huang et al., 2001).
(B) Serum amylase levels during the development of caerulein- Although the role of individual syntaxins has yet to be
induced pancreatitis. The peak values for wild-type, heterozygous, clarified by future studies, our results indicate a role
and VAMP8 null mice were 33,885  14,296, 48,358  7,754, for syntaxin 4. The earlier assumption that syntaxin 2
15,322  3,596 units, respectively (n  5, p  0.10).
mediates apical exocytosis is not supported by our
study, since it cannot complex with VAMP8. It is possible
that the amount of syntaxin 2 might be beyond the detec-the partial resistance of VAMP8/pancreases to caerul-
tion limit under the conditions of our IP experiment.ein-induced pancreatitis indicates that VAMP8 might be
However, the efficient pull-down (over 10%) of syntaxin
part of the machinery involved in the development of
4 and SNAP-23 but not syntaxin 2 suggests that syntaxin
pancreatitis. The dramatically reduced serum levels of
2 is unlikely to be the t-SNARE for VAMP8. Nevertheless,
amylase during the induced pancreatitis of VAMP8 null we can not exclude, at this stage, the possibility that
mice indicate that VAMP8 plays a role in fusion of zymo- an unknown syntaxin mediates apical fusion events. Al-
gen granules with the basolateral membrane, upon dis- ternatively, syntaxin 4, which has been proposed to act
sociation of the inhibitory Munc18c from syntaxin 4 pro- on the basolateral surface, may be involved in apical
tein (Gaisano et al., 2001). These results suggest that secretion as well. In fact, lower but significant labeling
VAMP8 can mediate basolateral exocytosis of zymogen of syntaxin 4 at the apical membrane could be observed
granules under stressed conditions. (Figure 3A; results shown in Gaisano et al., 2001). Like
SNAP-23 on ZGM (Gaisano, 2000), some syntaxin 4 on
Discussion the apical plasma membrane might exist in an antibody-
inaccessible conformation and has therefore evaded ef-
Due to its physiological importance and its nature as fective labeling by its antibody in immunofluorescence
an excellent experimental system, many attempts have studies. If this is the case, factors other than SNAREs
been made to identify proteins including SNAREs that themselves could influence where an exocytosis event
participate in the regulated exocytosis of the exocrine should occur. It is now known that specificity of vesicle
pancreas (Gaisano, 2000). VAMP2 and VAMP3 are likely trafficking is conferred by various factors (molecules) at
to play a minor role in regulated exocytosis because multiple levels. Such factors include cytoskeletal struc-
cleavage of these proteins by tetanus toxin in permeabil- tures, Rab GTPases, tethering complexes, and SNARE
ized acini inhibits only 30% of enzyme secretion (Gai- functionality-regulating proteins (Gaisano et al., 2001;
sano et al., 1994). It seems possible that VAMP2 and/ Chen and Scheller, 2001). The observation that supra-
or VAMP3 could be involved in basolateral secretion, as maximal cholecystokinin displaces Munc18c from the
VAMP2 can complex with syntaxin 4 (which is enriched pancreatic acinar basal surface and redirects apical
on the basolateral surface) (Gaisano, 2000). The poten- exocytosis to the basal membrane is consistent with
tial role of VAMP2 and/or VAMP3 in basolateral secretion this possibility. It seems that one of the key factors in
influencing apical secretion under physiological settingis supported, although not proven, by our observation
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is via “inactivating” syntaxin 4 at the basolateral mem- cytokinesis as VAMP8 (together with syntaxin 2) is de-
tected in the midbody during cytokinesis. Overexpres-brane by Munc18c. Based on these observations, it
sion of the cytoplasmic domain of VAMP8 or syntaxinseems realistic to hypothesize that VAMP8, as the major
2 results in accumulation of binucleated cells (Low etv-SNARE of zymogen granules, could mediate secretion
al., 2003). Although a role for VAMP8 in cytokinesis canat the apical pole under physiological stimulations due
not be formally excluded, our results presented hereto the availability of functional syntaxin 4-SNAP-23 com-
suggest that VAMP8 is either not essential or couldplex at the apical membrane, the organization of the
easily be substituted by other proteins with respect tocytoskeleton, and the preferential distribution of zymo-
this function.gen granules in the apical region. VAMP8 has also been
proposed to play a role in the endocrine pancreas (Naga-
Experimental Proceduresmatsu et al., 2001). Our preliminary study, however,
showed that VAMP8 null mice responded normally to Gene Targeting
glucose challenge (data not shown), suggesting that An 11 kb Nhe I fragment spanning the whole coding region of the
VAMP8 gene was used to construct the targeting vector. The secondVAMP8 is not essential for insulin secretion.
exon corresponding to amino acids 2–54 was replaced with a cas-The nonessential function of VAMP8 in endocytosis
sette composed of an internal ribosomal entry site linked to lacZas evidenced by the normal embryonic development
carrying a coding sequence for nuclear localization signal followed
and survival of the null mice as well as normal endocytic by a neomycin-resistance gene driven by the phosphoglycerokinase
properties of the resulting MEF cells is somehow unex- (pgk) promoter. A thymidine kinase (TK) gene was attached to the
pected. This is because VAMP8 was originally described 3
 end of the vector. The pgk-neo fragment was flanked by loxP
sites. Removal of the neo gene by the Cre recombinase, however,as an endosomal SNARE and its role in endocytic path-
did not result in any change in the phenotype reported in this paper.way is well established in several cases (Wong et al.,
The targeting plasmid was linealized with Xho I and introduced into
1998a; Antonin et al., 2000a, 2000b). The molecular basis the E14 ES cells by electroporation. ES cell clones resistant to both
for this discrepancy is not known currently, strengthen- geneticin (positive selection of Neo gene) and ganciclovir (negative
ing the importance of analyzing the role of SNAREs at selection for TK gene) were screened by PCR with the primers 5
-
GTGTTACTAGTTGCTTTAATTTGCTTC-3
 and 5
-GCCAGGGTTTTCthe organism level. We would like to speculate that
CCAGTCACGA-3
. Positive clones producing a 4.0 kb PCR fragmentVAMP8 and other R-SNAREs might have redundant
were subjected to further confirmation by Southern blotting analysisfunctions in the endocytic pathway and the role of
with a 629 bp internal probe generated by PCR with the primers 5
-
VAMP8 in endosomes, in its absence, could be substi- CTGATAGAGTGTTTGCCTGGCAAG-3
 and 5
-GCCTCCTCCTGGAT
tuted by other SNAREs. Among the R-SNAREs, VAMP3/ GTCAATAAG-3
. Correctly targeted ES cells were injected into blas-
tocysts to generate chimeras. PCR method was employed to geno-cellubrevin has properties most similar to VAMP8 in term
type tail and toe biopsy DNA samples with primers specific for wild-of its ubiquitous expression and preferential distribution
type allele (5
-GATCCTCTGCTGCCCGGCCTAAT-3
 and 5
-CCGTin the endosomes (McMahon et al., 1993; Galli et al.,
GGCTTCCAAGTCCTCTGTC-3
) and mutant allele (5
-GATCCTCTG
1994), as VAMP1 and VAMP2 are preferentially ex- CTGCCCGGCCTAAT-3
 and 5
-GCCTGCAAAGGGTCGCTACAGAC-
pressed in neuronal and endocrine/exocrine cells (Jahn 3
). The PCR products for wild-type allele and mutant allele were
204 bp and 323 bp, respectively. Mice were maintained on a mixedand Sudhof, 1999); VAMP4 is most enriched in the trans-
genetic background of 129 SvJ and C57/BL6.Golgi network (Steegmaier et al., 1999; Zeng et al., 2003);
VAMP5 has restricted expression in skeletal muscle and
Antibodiesis preferentially localized to the plasma membrane (Zeng
Rabbit polyclonal antibody against the cytoplasmic domain of hu-
et al., 1998, 2003); VAMP7 is distributed at later compart- man VAMP8 was raised in rabbits as previously described (Wong et
ments of the endocytic pathway as well as the cell sur- al., 1998a). This antibody reacts well with mouse VAMP8. Antibodies
specific for syntaxin 7 and syntaxin 8 were also generated in thisface (Advani et al., 1999; Galli et al., 1998; Rao et al.,
lab (Wong et al., 1998b; Subramaniam et al., 2000). All other primary2004); and Sec22b and Ykt6 are preferentially localized
antibodies were purchased from commercial suppliers: VAMP2in the early secretory pathway (Zhang et al., 1999; Zhang
(StressGen), -actin (Sigma-Aldrich), -catenin (Sigma-Aldrich),
and Hong, 2001). Based on these expression and local- 	-catenin (Sigma-Aldrich), E-cadherin (BD Transduction Labora-
ization information, VAMP3 and VAMP8 may have over- tories), EEA1 (BD Transduction Laboratories), acinar-1 (Develop-
mental Studies Hybridoma Bank, Iowa), cathepsin D (R&D Systems),lapping functions in the endocytic pathway, and VAMP3
LAMP1 (Developmental Studies Hybridoma Bank, Iowa), syntaxincan potentially substitute VAMP8’s endocytic role in
4 (Synaptic Systems), carboxypeptidase (Biogenesis), syntaxin 2VAMP8 null mice. Additional support for this possibility
(Synaptic Systems), and SNAP-23 (Synaptic Systems). The VAMP2
is the observation that VAMP3 null mice developed nor- antibody was raised with a 21-residue synthetic peptide QAQVDEV
mally and no major defects in endocytic pathway were VDIMRVNVDKVLER that is shared by VAMP2 and VAMP3 except
observed in VAMP3 null mice (Yang et al., 2001b), indi- A2 (N2 for VAMP3). This antibody detects two specific bands in
Western blotting: the upper one corresponds to VAMP2 and thecating that VAMP3’s endocytic role could reciprocally
lower one is probably VAMP3. Monoclonal antibody against lysobis-be covered by VAMP8 in these VAMP3 null mice and
phosphatidic acid (LBPA) is a gift from Dr. J. Gruenberg of Universitycells. Future study using VAMP3 and VAMP8 double of Geneva, Switzerland.
knockout mice and/or MEF cells will address this impor-
tant point. On the other hand, the specific and exclusive Endocytosis of Mouse Embryonic Fibroblasts
Primary mouse embryonic fibroblasts (MEF) were prepared fromrole of VAMP8 as a major v-SNARE of zymogen granules
E14.5 embryos and were used for endocytosis assays at passageis not overlapped by other R-SNAREs, providing an ex-
4. To trace the trafficking and processing of cathepsin D, MEF cellscellent opportunity for us to establish its unique role
were labeled with [35S]methionine for 30 min and then chased for
and mechanism in this important physiological process. 4 hr. After the culture medium was removed, cells were collected
A recent study indicates a role of VAMP8 (together in a lysis buffer containing proteinase inhibitors. Cathepsin D was
recovered from both medium and cell lysate by immunoprecipitationwith syntaxin 2) in the abscission of the midbody during
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with a specific antibody and was detected by radio-autography. For Immunoprecipitation, GST Pull-Down, and Western
Blotting Analysispinocytosis, MEF cells were first incubated with DMEM containing
2 g/ml FITC-dextran (MW  20,000) for 1 hr at 37C and then Pancreas fragments were washed twice with PBS supplemented
with 0.1 mM CaCl2 and 0.1 mM MgCl2 before being treated sequen-chased in normal DMEM for various periods of time. Afterwards,
cells were fixed with 3% paraformaldehyde (PFA) in PBS for 30 tially with 1 mM N-ethylmaleimide and 2 mM DTT in supplemented
PBS on ice for 15 min each. The pancreas fragments were thenmin and observed. To follow endocytosis of LDL, MEF cells were
incubated in starvation medium (DMEM plus 1% BSA) for 2 hr at washed with secretion medium and incubated at 37C for 30 min in
the same medium containing 30 pM CCK. Afterwards, the medium37C and then in the same medium but containing 10g/ml BODIPY-
was removed and the tissue was homogenized in homogenizationlabeled LDL (Molecular Probes) for 90 min at 4C. After superfluous
buffer (20 mM HEPES [pH 7.4], 10 mM sucrose, 10 mM KCl, 2 mMLDL was washed away with PBS, cells were chased in starvation
EDTA, 2 mM EGTA, 1 mM DTT, 1 mM PMSF, and proteinase inhibi-medium at 37C for various periods followed by immunofluores-
tors). Nuclei were spun by centrifugation at 500  g for 5 min andcence microscopy. Transferrin recycling and asialofetuin degrada-
total membranes were pelleted by a spin of the postnuclear superna-tion assays were carried out as described by others (Yang et al.,
tant at 100,000 g for 1 hr. Membranes were resuspended in extrac-2001b; Atlashkin et al., 2003).
tion buffer (20 mM HEPES, 100 mM KCl, 1 mM DTT, 10 mM EDTA,
0.2 mM ATP, 2% Triton X-100 [pH 7.4]) and incubated at 4C for
1 hr with rotation. Triton-insoluble materials were removed by cen-Histology and Immunohistochemistry
trifugation at 200,000  g for 30 min. The membrane extract wasPancreases were fixed with neutral-buffered formalin and embed-
then incubated overnight at 4C with the VAMP8-specific antibodyded in paraffin. Sections of 4m thickness were stained with haema-
(100 g per pancreas) after being diluted with Triton-free buffertoxylin and eosin (H&E). For immunofluorescence studies, pancre-
such that the Triton concentration fell within 0.5%–1%. At the endases were fixed with 2% PFA in PBS for 1 hr at room temperature
of the incubation, protein A beads (Amersham) were added and theand embedded in O.C.T. compound. 6m cryosections were mounted
mixture was rotated at 4C for 2 more hours. The beads were thenon polylysine-coated slides and stained with primary antibodies
pelleted by a brief spin and washed 3 times with extraction bufferfollowed by appropriate FITC-conjugated anti-rabbit or anti-rat IgG
containing 0.5% Triton followed by 3 times with Triton-free buffer.antibodies (Jackson ImmunoResearch Laboratories). E-cadherin
Proteins were eluted by boiling the beads for 5 min in SDS gelwas detected directly with a FITC-conjugated monoclonal antibody
loading buffer and were subjected to Western blotting analysis.against E-cadherin. F-actin was labeled with Texas red-conjugated
To avoid/reduce background, peroxidase-conjugated protein A (BDphalloidin (Molecular Probes) and nuclei were visualized with DAPI
Transduction Laboratories) was used instead of secondary antibod-in mounting medium (Vectorshield). For immuno-gold labeling (anti-
ies for the detection. For co-IP using liver extract, VAMP8-enrichedbody against VAMP8 followed by protein A conjugated with 16 nM
membrane fractions (Wong et al., 1998a) were used instead of totalgold particles), pancreas fragments were mildly fixed with 1.6% PFA
membranes as VAMP8 is expressed at a very low level in this organ.in PBS and embedded in Lowicryl HM-20 resin. Ultrathin sections
For GST pull-down, we took advantage of a recent finding thatwere processed for immuno-gold labeling followed by staining with
SNARE proteins in freshly isolated membranes can form complexesuranyl acetate and lead citrate. Samples were examined with a
with exogenous partners (Lang et al., 2002). Pancreases were ho-Joel 1220 transmission electron microscope. For morphological EM
mogenized in homogenization buffer supplemented with 6 mMstudy, pancreas tissues were fixed with 4% PFA and 0.5% glutaral-
MgCl2 and 1 mg/ml GST-VAMP8 (amino acids 1–75 of the murinedehyde in PBS and embedded in Spurrs’ resin. Ultrathin sections
protein) or GST-VAMP2 (amino acids 1–94 of the murine protein).were stained with uranyl acetate and lead citrate. For zymogen
Total membranes were prepared as described above and washedgranule counting, semithin sections of 0.8 m were mounted on
in washing buffer (500 mM KCl, 20 mM HEPES, 1 mM DTT, 1 mMglass slides and stained with 1% methylene blue. They were then
EDTA, 1 mM PMSF, complete proteinase inhibitors, 1 mg/ml GST-observed under a light microscope.
VAMP8 [pH 7.4]). Membranes were then resuspended in binding
buffer (20 mM HEPES, 100 mM KCl, 1 mM DTT, 4 mM EGTA, 4 mM
MgCl2, 2 mM ATP, 1 mM PMSF, complete proteinase inhibitors, 1%Amylase Secretion
BSA, 1 mg/ml GST-VAMP8 [pH 7.4]) and incubated at 37C for 5 min.Pancreases were minced with a pair of fine scissors to the size of
Membrane extracts were obtained as above and incubated over-1–2 mm3 and washed 3 times with oxygenated secretion medium
night at 4C with glutathione sepharose 4B beads (Amersham). Bead(10 mM HEPES, 120 mM NaCl, 5 mM KCl, 2.5 mM CaCl2, 1 mM washing and protein elution were identical to immunoprecipitation.NaH2PO4, 11 mM glucose, 0.02% soybean trypsin inhibitor, MEM For Western blotting analysis, total lysates were prepared by ho-
essential amino acids [pH 7.4]). Pancreatic segments from one adult
mogenizing tissues in lysis buffer (10 mM Tris-HCl [pH 7.5], 150 mM
mouse were then dispensed for six assays. For neonatal mice, two
NaCl, 5 mM EDTA, 2 mM DTT, 1% deoxycholic acid, 1% Triton
pancreases were used for one assay. Pancreas fragments were
X-100, 0.1% SDS, 1 mM PMSF, complete proteinase inhibitors).
incubated at 37C for 1 hr in secretion medium containing various Plasma membranes were isolated as previously described (Mel-
secretagogues purchased from Sigma-Aldrich: acetylcholine (Ach, dolesi et al., 1971), except that proteinase inhibitors (complete pro-
1 M), bombesin (3 nM), carbamylcholine chloride (CCh, 1 M), and teinase inhibitors plus 1 mM PMSF) were added to all solutions.
sulfated cholecystokinin-8 (CCK, 30 pM or stated). Amylase activity Zymogen granule membranes were prepared as following: pancreas
was determined with a kit from ThermoTrace as instructed. Pan- fragments were homogenized in 0.3 M sucrose (complete proteinase
creas fragments were homogenized and properly diluted in water inhibitors and 1 mM PMSF were included in this and all subsequent
containing proteinase inhibitors. Amylase released into the medium solutions) in a hand glass homogenizer by 3 to 5 strokes. Nuclei
was expressed as a percentage of the total amylase (released plus and cell debris were sedimented at 200  g for 10 min. Zymogen
unreleased) at the end of the incubation. Resting/constitutive secre- granules and mitochondria were then pelleted from the supernatant
tion referred to amylase release in the absence of secretagogues. by centrifugation at 1000  g for 10 min. After the top layer of tan
mitochondria was carefully washed away, the white pellet of crude
zymogen granules was resuspended in 50% Percoll, 0.3 M sucrose,
Protein Synthesis and Secretion In Vivo 50 mM MES (pH 5.5), and 0.1 mM MgSO4 and purified further with
Age- and sex-matched adult mice were fasted for 16 hr before a continuous density gradient generated by spinning at 50,000  g
they were gave a single intraperitoneal injection of 3H-amino acids for 1 hr. Pure zymogen granules appearing as a white band near
(Amersham) at 1 Ci/g body weight. Mice were sacrificed at 0.5, 1, the tube bottom were recovered and washed with 0.3 M sucrose.
2, and 4 hr. Whole pancreases were homogenized in water con- Afterwards, the granules were resuspended in 3 ml 0.17 M NaCl and
taining 10 mM EDTA, 10 mM EGTA, 1 mM PMSF, and the complete burst with 9 ml 0.2 M NaHCO3 (pH 7.8). Zymogen granule membranes
proteinase inhibitors (Roche). Proteins were precipitated with 10% were pelleted at 100,000  g for 30 min and washed once in 0.5 M
trichloroacetic acid. Radioactivity was detected by liquid scintilla- KCl. Membranes were resuspended in tissue lysis buffer and protein
tion with 10% of the total precipitates and normalized to DNA con- concentrations were measured colorimetrically with a kit (Bio-Rad).
Proteins were separated by 7.5%–12.5% discontinuous gradientcentration.
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gels and transferred onto Hybond-C extra membranes (Amersham). of regulated exocytosis and pathologic membrane fusions in the
pancreatic acinar cell. Pancreas 20, 217–226.Protein identities were determined with specific primary antibodies
and appropriate peroxidase-conjugated secondary antibodies (Jack- Gaisano, H.Y., Sheu, L., Foskett, J.K., and Trimble, W.S. (1994).
son ImmunoResearch Laboratories and PIERCE). Peroxidase activ- Tetanus toxin light chain cleaves a vesicle-associated membrane
ity was detected with the SuperSignal substrate and enhancer protein (VAMP) isoform 2 in rat pancreatic zymogen granules and
(PIERCE) and visualized on X-ray films. inhibits enzyme secretion. J. Biol. Chem. 269, 17062–17066.
Gaisano, H.Y., Lutz, M.P., Leser, J., Sheu, L., Lynch, G., Tang, L.,
Induction of Pancreatitis Tamori, Y., Trimble, W.S., and Salapatek, A.M. (2001). Supramaximal
Sex- and age-matched adult mice of different genotypes were given cholecystokinin displaces Munc18c from the pancreatic acinar
seven intraperitoneal injections of supramaximal caerulein at 50 g basal surface, redirecting apical exocytosis to the basal membrane.
per kg body weight hourly. Animals were sacrificed at 6, 12, 18, and J. Clin. Invest. 108, 1597–1611.
36 hr after the last injection. Paraffin sections of pancreases were
Galli, T., Chilcote, T., Mundigl, O., Binz, T., Niemann, H., and Destained with haematoxylin and eosin (H&E). Two males and two
Camilli, P. (1994). Tetanus toxin-mediated cleavage of cellubrevinfemales of each genotype were examined for each time point. To
impairs exocytosis of transferrin receptor-containing vesicles infollow serum amylase activity, five male mice of similar ages (5
CHO cells. J. Cell Biol. 125, 1015–1024.months) of each genotype were administered with caerulein and
Galli, T., Zahraoui, A., Vaidyanathan, V.V., Raposo, G., Tian, J.M.,some 50 l of blood per time point was collected from the tail of
Karin, M., Niemann, H., and Louvard, D. (1998). A novel tetanuseach mouse at various times. Serum was diluted with PBS and
neurotoxin-insensitive vesicle-associated membrane protein inamylase activity was determined with a kit (ThermoTrace).
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